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 The Ross Ice Shelf (RIS), a floating mass of ice tethered to the continent, is integral to the 
stability of the interior West Antarctic Ice Sheet. Its collapse could lead to an acceleration of land ice 
toward the ocean and a direct contribution to sea level rise. Rifts, or pull apart fractures in ice shelves, 
have been linked to ice shelf disintegration in other parts of Antarctica in recent decades. The rifts of 
interest for this study are on the western lateral margin of the RIS and have been active for at least the 
past five decades, as documented in historical optical imagery, and probably longer considering 
evidence of older rifts visible downstream. The rifting process appears to follow a pattern in which rifts 
open with apparent spatial and temporal periodicity and stop propagating at some predictable length, 
but the mechanisms behind the pattern have not been fully characterized. This study aims to 
understand the origin of rifts through characterization of the evolution of material strength across the 
RIS. I use numerical modeling to evaluate the hypothesis that deformation initiated at the grounding 
zone leads to formation of basal crevasses with rough periodicity which define zones of material 
weakness as they advect across RIS and in turn define the spacing of rifts at my study site. 
 I created several numerical models to evaluate the kinematic structure and stability of the RIS, 
both on whole ice shelf and localized scales. The goal of these models is to capture deformation and 
shelf stability patterns that may influence rifting at my study site. A model created using the Ice Sheet 
 
 
System Model (ISSM) evaluates the whole shelf kinematic structure and stability and reveals that with 
the most likely scenarios for changes in surface accumulation and basal melt, the RIS will gain ice mass 
rather than lose it. Though these results project stability, there are several notable processes not 
captured, including locally scaled deformation at the margin. Three smaller scale numerical models 
explore ice shelf flexure, stretching, and lateral drag against a bedrock constriction. These models 
confirm that deformation of inflowing ice is likely to localize at a grounding zone due to buoyancy forces 
and the zone of deformation subsequently enlarged as a result of ice shelf stretching. Furthermore, the 
models illustrate localization of extensional strain with drag along a bedrock margin which is amplified 
when vertical zones of weakness are present. Model results support the overarching hypothesis, but 
more thorough sensitivity analysis needs to be done due to model sensitivity to rheological material 
properties. 
 Results of this study point to the plausibility of localized deformation as a consequence of the 
inherent physics on the RIS leading to existing weak zones across the ice shelf. Based on the modeling 
presented, it is likely that these weak zones influence rift periodicity not only at my study site, but on 
other Antarctic ice shelves as well. With projected widespread ice shelf thinning, weak zones will be 
inherently more likely to produce full thickness rifts, which could lead to destabilization of entire 
systems of ice shelves and glaciers. This phenomenon leads to destabilization of the greater Antarctic ice 
sheet system and global sea level rise. 
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CHAPTER 1 
INTRODUCTION 
Background 
 Ice shelves in Antarctica are present along 75% of the continent’s coast, and span an 
area of more than 1.5 million square kilometers (Rignot et al., 2013). The ice has continental origins and 
is incorporated into floating ice shelves as ice flows across the grounding zone, or the transition from 
grounded to floating ice. In regions without ice shelves, glaciers are able to flow outward to sea and 
calve freely, adding directly to sea level rise. There have been three notable rapid ice shelf collapse 
events on the Antarctic peninsula in recent decades: the 1995 disintegration of Larsen A, partial collapse 
of Larsen B in 2002, and a 5,800 square km iceberg breaking off Larsen C in 2017. Studies have linked 
these destabilizations to the availability of surficial meltwater and promotion of rift propagation 
(Scambos et al., 2000; Vieli et al., 2007; MacAyeal et al., 2015). Meltwater pooling does not initiate rifts, 
as they are primarily a product of extensional strain within ice, but it allows water to penetrate fractures 
and accelerate the rifting process. Ice shelf thinning due to enhanced basal melting may also have 
contributed to the ice shelves’ susceptibility to crevassing (Shepherd, 2003). Observations of Larsen B 
after its collapse event in 2002 revealed a two to four-fold increase in velocity of glaciers flowing into 
the ice shelf (Scambos, 2004). Furthermore, Rignot et al. (2004) found similar accelerations in free-
flowing glaciers, with smaller accelerations on glaciers that were still buttressed by the remaining ice 
shelf. These findings support the idea that the stability of Antarctic ice shelves strongly affects that of 
their parent glaciers. 
The Ross Ice Shelf (RIS) is the largest in Antarctica, spanning 472,960 square kilometers and 
reaching thicknesses of several hundred meters. The West Antarctic Ice Sheet (WAIS) depends on the 
RIS as a buttressing force on its flow. Documented atmospheric warming in recent decades on the RIS 
has been linked to variance in the springtime Interdecadal Pacific Oscillation (IPO) and El Nino summers 
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(Clem et al., 2018). Even with such forcings, atmospheric warming at RIS has not been observed to 
promote surface meltwater pooling at the same scale as on the Antarctic Peninsula. The southern and 
western regions of the RIS are primarily influenced by localized airflow originating from WAIS and 
through valleys in the Transantarctic Mountains (Parish et al., 2006; Steinhoff et al., 2008; Clem et al., 
2018). Ocean temperatures below RIS are controlled by thermohaline circulation that is dictated by tidal 
induced mixing and bed topography (MacAyeal, 1984). Pockets of warm, high salinity water referred to 
as High Salinity Shelf Water exist below RIS and may travel along the ice-ocean interface through 
defined basal channels to promote melting at the ice shelf base (MacAyeal, 1984). The same IPO link 
that influences atmospheric warming may have an inverse effect on sub-ice shelf ocean temperatures 
on the RIS by reducing Circumpolar Deep Water flow into the region (Clem et al., 2018).  
Overall, the RIS is very cold and there is an absence of the climatic forcings which have caused 
collapse of ice shelves on the Antarctic Peninsula. Meltwater pooling is not commonly observed, and the 
basal melt rate is between 0 m/yr and 0.3 m/yr, and even shows basal marine ice accretion in many 
areas. In the following study, I will be investigating rifting on the RIS, which does not have links to 
surface melt as seen on the Antarctic Peninsula.  
Full thickness rifting can occur on ice shelves when extensional strain is large enough to 
overcome the integrated tensile strength of the material (Glasser and Scambos, 2008). The rifting 
process is also partially influenced by the dynamics of the mixture of meteoric and marine ice that fills 
the growing void, also known as mélange. Mélange is able to continuously deform and act as a cohesive 
medium inside rifts, but this material could also present a link to climate due to its sensitive response to 
warming oceanic and atmospheric temperatures (Rignot and MacAyeal, 1998). Rignot and MacAyeal 
(1998) hypothesized that the swift breakup of the Larsen A Ice Shelf in 1995 was caused by a system of 
mélange-filled microfractures which melted during once unseasonably warm summer. 
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Study Site: Ross Ice Shelf western lateral margin 
The site of interest is at the northwest lateral margin of RIS and is primarily fed by three ice 
streams: Byrd, Mullock, and Skelton (Figure 1.1a). Mullock and Skelton ice streams are deformed as they 
converge with the larger, faster flowing Byrd ice stream. Ice advects northward and comes in contact 
with exposed bedrock feature Minna Bluff, creating an area of extensional shear where it is possible for 
full thickness rifts to open (Figure 1.1b). At the area where ice contacts Minna Bluff, various interesting 
deformation patterns are visible (Figure 1.1c). Full thickness rifts have similarly oriented troughs further 
upstream which are interpreted here as incipient rifts, or vertical weak zones which may open into full 
thickness rifts once the ice flows against the bluff tip. Rifts are intersected toward their tips by troughs 
which run roughly in the direction of flow. Finer crevasses intersect rifts closer to Minna Bluff, and also 
appear to follow flow trends. I will use kinematic datasets to further interpret these structures. 
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Figure 1.1. Maps of regional and close-up study sites. (a) Byrd, Mullock, and Skelton ice streams converge on 
the western margin of Ross Ice Shelf (RIS) from the continent to flow north. RIS is the largest of Antarctica’s 
ice shelves, covering about 470,000 km2. 1997 RADARSAT-1 image accessed using the Norwegian Polar 
Institute’s Quantarctica Package, where brighter returns indicate greater surface roughness (b) Full thickness 
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rifts present at Minna Bluff and you can see older rifts that have closed as you look further north. The 5 to 6 
km wide McMurdo Shear Zone (MSZ) develops between the Ross Ice Shelf and McMurdo Ice Shelf (MIS). 
Hillshade DEM from the Polar Geospatial Center’s Reference Elevation Model of Antarctica (Howat et al., 
2018). (c) Similarly oriented deformation patterns are grouped into colored annotations: purple outlines full 
thickness rifts and incipient rifts further south, blue dotted lines mark wide weak zones oriented in the 
direction of flow, yellow dotted lines indicate the direction of finer crevasses which intersect rift patterns. 
Further to the north, the high velocity RIS comes into contact with the slower McMurdo Ice 
Shelf (MIS) and forms a 5-6km wide strip of heavily crevassed and sheared ice called the McMurdo Shear 
Zone (MSZ) which extends to Ross Island. MSZ is heavily crevassed and dominated by simple shear 
(Kaluzienski et al., 2019). Recent studies in this area have utilized GPR to investigate englacial structure 
to determine shelf stability (Arcone et al., 2016; Campbell et al., 2017a, 2017b) and have generally found 
the vertical structure to be a surface firn layer which rides on meteoric ice, underlain by a discontinuous 
marine ice layer that has not yet been fully characterized. Heavy surface crevassing extends from Minna 
Bluff to Ross Island and basal crevasses have also been detected, but these studies have not found any 
features that suggest immediate ice shelf instability. 
Overarching hypothesis 
 Rifts at Minna Bluff appear to have a quasi-regular spatial and temporal periodicity 
(Figure 1.1), suggesting there is a continual process governing their opening. Ice surface troughs can be 
seen just upstream of Minna Bluff (Figure 1.1) and suggests that zones of deformation exist before full 
thickness rifting occurs at this site. These observations have led to the hypothesis that the occurrence 
and spacing of rifts at Minna Bluff are pre-conditioned by deformation processes at ice stream 
grounding zones, and that the same processes are important in other ice shelf settings. The following 
thesis will explore the idea that buoyancy force introduced at the grounding zone induces shelf flexure 
and basal crevassing, which are subsequently advected with ice flow (Figure 1.2). Crevasse shape may 
evolve as stretching and spreading occurs or with interaction with sub-ice shelf ocean water. Warming 
water may erode a crevasse, while cold water leads to marine ice accretion. It is likely that these basal 
crevasses are compressed or sheared during ice shelf flow so as not to retain their sharp crevasse shape, 
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but the hypothesis is that they persist as vertical zones of material weakness across RIS, and that rifting 
at Minna Bluff is influenced by the spacing of these weak zones.  
 
Figure 1.2. Schematic illustration of the hypothesis. Vertically exaggerated ~45x. Darker blue domain 
represents ice, while lighter blue is ocean water, and gray is bedrock. The geometry is modeled after the 
grounding zone of Mullock Glacier, with irregularities smoothed out for clarity. Grounding line is marked at 
the first point at which ice is no longer supported by the bedrock. Floating line, or the position at which the 
ice shelf bottom floats in water, is further upward so ice adjusts to reach equilibrium. Buoyancy imposed at 
the grounding line creates a basal crevasse, which is shown in evolved forms further downstream (left). A 
surface depression associated with the hinge zone is depicted on the ice surface above the grounding line. 
Thesis outline 
Rifting on the lateral margin of the RIS has been occurring on a quasi-regular scale over at least 
the last century, based on historical satellite imagery and rift “scars” which can be seen downstream of 
modern rifts. We know rifts propagate due to pulling apart of ice with high tensional stress (Glasser and 
Scambos, 2008) and then are advected northward with ice flow, but the origin of these rifts and strength 
patterns of the ice before rifting is relatively unexplored. Another unknown is how this rifting process 
may proceed with projected changes in thickness and velocity on the RIS.  
In order to assess stability of RIS as a whole, I will pursue a large scale ice sheet model using the 
Ice Sheet System Model (ISSM) (Larour et al., 2012), and those results will be complemented by smaller 
scale numerical models. I will use RIS geometry derived from the Bedmap-2 dataset of ice thickness and 
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bedrock (Fretwell et al., 2013) to create accurately scaled numerical models depicting deformation 
processes which at the grounding zone as well as at a bedrock constriction like Minna Bluff. The results 
of these models will help to understand the governing physics of rifts opening at Minna Bluff and the 
implications of weak zones related to calving across the RIS. Another goal of pairing the large-scale ice 
sheet model with smaller scale investigations is to gain insight on rifting behavior with projected ice 
shelf changes. 
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CHAPTER 2 
OBSERVATIONS 
 Observations from available Antarctic datasets can be characterized to better understand the 
system before constructing a model. Through optical satellite imagery, kinematic datasets, and 
measurements of ice shelf and ice sheet geometry, we can understand a lot about the current state of 
the entire Ross Ice Shelf (RIS) system as well as the area around my study site (Figure 1.1) and can use 
the information to initialize various numerical models. 
Rift observations 
Rifts at Minna Bluff are full thickness and appear to have a quasi-regular spatial and temporal 
periodicity of about 4 km and 14 years under current ice flow conditions (Figure 2.1, 2.3). The presence 
of mélange inside rifts is evident from the rough and heavily crevassed surface appearance and the stark 
elevational differences between the outside and inside of rifts (Figure 2.1). The newest full thickness rift 
has a surface depression of about 30 m, while older rifts translated further north have decreasing depth 
of depression. Within each rift, the height of the mélange layer is roughly equal, which indicates that the 
layer is of uniform thickness in each location assuming hydrostatic equilibrium.  Other processes which 
could infill an open crevasse, such as snow drift or precipitation, may contribute some material inside 
each rift, but are not prevalent enough in this region to account for all of the infilling material. 
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Figure 2.1. Elevation profile of the ice surface vertical position along a transect which intersects rifts at Minna 
Bluff. Location map imagery and digital elevation model (DEM) were derived from Reference Elevation Model 
of Antarctica (Howat et al., 2018). 
 From historical imagery (Landsat 1-4, Landsat-8, Sentinel-2) it is evident that rifts open, 
propagate in length eastward, and are also advected along the face of Minna Bluff with ice flow. As rifts 
move northward, they are rotated into alignment with ice flow, which becomes apparent as the rifts 
reach the distal end of Minna Bluff (Figure 2.2, rifts A, B, and C). Additional evidence from satellite 
images of deformation is provided by troughs immediately upstream of rifts, which I interpret as 
emergent rifts, or areas that are experiencing extensional strain and may open into full thickness rifts 
once they begin to drag against Minna Bluff.  
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Figure 2.2. Evolution through time of rifts labeled A-H at Minna Bluff visualized with optical satellite imagery 
arranged in chronological order. Derived from Landsat 1, 4, 7 and Sentinel-2 from left to right, obtained from 
the U.S. Geological Survey.  
 Three rifts: F, G, and H, can be seen from the beginning of their propagation through satellite 
imagery (Figure 2.2). Estimates of these rifts’ length and surface area through time show their growth 
patterns (Figure 2.3). The spacing between the initial propagation of rifts F and G, and rifts G and H, are 
about 13 and 14 years, respectively, suggesting a regular temporal periodicity between new rift 
openings. Rifts propagate at an average of 0.7 km/yr during their period of fastest growth and slow their 
growth to an average of 0.1 km/yr once they reach about 9 km in length. This consistency is likely 
related to rifts reaching an ice shelf heterogeneity called a suture zone, where bands of meteoric ice 
from different glacial sources have come together. Rifts have been observed to slow or stop propagation 
when reaching a suture zone (Borstad et al., 2017). Rift area, which is interpreted to be an indicator of 
rift widening, shows relatively stable average growth of 0.5 km2/yr throughout the entire timespan 
visualized with satellite imagery. 
 
 
MELANGE
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Figure 2.3. Estimates of rift length and rift area for rifts F, G, and H. Rift boundaries were delineated using the 
GEEDit tool (Lea, 2018) with optical satellite images derived from Landsat 1-4, 7, and 8, and Sentinel-2. 
Length and area measurements were produced using QGIS.  
 
Regional kinematic observations 
To constrain the dominant flow patterns and deformation in the ice, I have used the velocity 
field derived by Landsat 8 in 2015 to examine the 2D surface kinematics along the MSZ and western RIS 
margin (Gardner et al., 2018). On the western lateral margin of the Ross Ice Shelf (RIS), flow is 
dominated by Byrd Ice Stream, which flows across the grounding zone at about 1200 m/a (Figure 2.4). 
After the ice stream enters RIS, velocity slows but is still faster than surrounding ice, having the effect of 
dragging it along. Slower moving Mullock and Skelton Ice Streams converge from the west, but their 
flow pattern is redirected by that of Byrd. 
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Figure 2.4. Maps of (a) total velocity, (b) y-component, and (c) x-component along the western margin of RIS. 
Grounding zone delineated in black. Total velocity vector maps are superimposed on each contour map for 
reference. Velocity field provided by (Gardner et al., 2018) and derived by Landsat-8 in 2015. Please note that 
the x-direction runs top to bottom while the y-direction runs side to side. 
When zooming in on the site of interest, the velocity field reveals that the x-component of 
velocity dominates flow patterns here, as the velocity magnitude and x-component contour maps are 
very similar (Figure 2.5). The pattern in x-velocity shows a steep gradient between the fast moving RIS 
and relatively stagnant MIS and other ice between bedrock features, and this gradient is bound by the 
McMurdo shear zone (MSZ). Though the y-component of velocity is dwarfed by the x-component, it 
shows an important flow divergence toward the west downstream of bedrock features, indicating likely 
regions for deformation. 
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Figure 2.5. Maps of (a) total velocity, (b) y-component, and (c) x-component at the study area. Total velocity 
vector maps are superimposed on each contour map. Bedrock features are outlined in dark blue. The Ross Ice 
Shelf (RIS), McMurdo Ice Shelf (McMIS), and McMurdo Shear Zone (MSZ) are labeled for reference. Please 
note that the x-direction runs top to bottom while the y-direction runs side to side. 
The calculated shear strain rate identifies zones of localized shear strain in the region, with three 
notable bands associated with the MSZ, and an area of shear upstream from Minna Bluff (Figure 2.6). 
Other values for shear strain rate for this area have shown similar ranges, as Kaluzienski et al. 2019 
found magnitudes from 0 - 0.02 yr-1. The orientation of shear is reflective of the boundaries, with the 
fast moving RIS to the east and the slower MIS and bedrock features to the west. Shear strain is reduced 
along the boundaries of each rift, which I interpreted as evidence that the rifts separate ice into distinct 
kinematic bodies. Mélange has softer rheological properties and continuously deforms as rift shape 
evolves. Dilatation rate indicates areas of extensional strain (red) and compressional strain (blue). The 
area of most extreme extension is at the tip of Minna Bluff where rift opening first occurs. Smaller 
extensional areas are concentrated at the ends of rifts further northward. As ice continues to flow, there 
are areas of compression leading up to bedrock features. Vorticity rate, showing the curl of the velocity 
field, shows counterclockwise flow around bedrock features, which agrees with flow divergence seen in 
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the y-component of the velocity field. Similar to shear strain rate, the vorticity also shows a slight 
decrease in counterclockwise flow pattern at each rift, further illustrating that rifts are behaving as 
separate bodies. 
 
Figure 2.6. Maps of kinematic deformation rates at the study site. The Ross Ice Shelf (RIS), McMurdo Ice Shelf 
(McMIS), and McMurdo Shear Zone (MSZ) are labeled for reference. Please note that the x-direction runs top 
to bottom while the y-direction runs side to side. 
 These kinematic datasets are only reflective of the two-dimensional ice surface, so information 
about the vertical direction must be inferred. Since we see full-thickness rifts at Minna Bluff, it is 
reasonable to assume that the shear and extensional strain influencing their opening extends through 
the ice column. 
 I have interpreted several patterns from these kinematic datasets (Figure 2.7). It is clear that 
there is expansive strain where rifts are opening, and further down Minna Bluff’s face as well. Directly to 
the west, contraction is dominant where ice flow is slowed and eventually stopped by Minna Bluff 
(Figure 2.7a). Trough features, or emergent rifts, appear at the bluff tip and are subsequently rotated in 
a counter-clockwise pattern as an effect of the dominant left lateral shear (Figure 2.7b). It is clear from 
Shear Strain Rate (a-1) Dilatation (a-1) Vorticity (a-1)
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similar trough features advected downstream that not all of these emergent rifts will open into a full 
thickness rift, but eventually a rift will open along the bluff face. As the ice shelf fractures, the 
downstream rift edge loses contact with the bluff, is no longer subjected to dragging along this 
constriction, and is allowed to move in a clockwise pattern, opposite from the dominant pattern in the 
region (Figure 2.7c). The ice is separated by rifts which propagate roughly east-west at this site, but 
there are also weak zones which trend north-south and intersect the rifts near their distal end. We know 
these zones are inherently weaker because in past rifts, the rift tip propagation has been redirected 
toward the south in accordance with these zones which appear as troughs aligned in the direction of 
flow. These cross-hatched weak zones act to separate ice into discrete blocks, which can move with 
semi-independent kinematics (Figure 2.7d). I interpret that this is the reason we see reduced left lateral 
shear and counter-clockwise vorticity in the kinematic datasets (Figure 2.6) along rift boundaries. 
Though there are subtleties which are different in the system, left-lateral shear is still the dominant 
pattern due to drag against bedrock and a strong ice shelf velocity toward the east.  
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Figure 2.7. Summary of kinematics at the site of lateral drag along Minna Bluff. (a) Generalized zones of 
expansion and contraction are outlined in red and blue, respectively, as they were identified through 
calculation of dilatation rate (Figure 2.6). Total velocity vectors are superimposed in black. (b) emergent rifts, 
expressed as surficial ice troughs, develop as a result of left lateral shearing against the bedrock boundary of 
Minna Bluff. The net effect here is a counter-clockwise rotation. (c) eventual rift opening occurs as a result of 
drag and the downstream rift edge loses contact with bedrock. The net effect is a clockwise rotation. (d) 
vertical weak zones running N-S and E-W cause separation into discrete ice blocks. Rift propagation can be 
redirected by N-S weak zones, where we then see expansion in the E-W direction. Overall in this system, left 
lateral shear dominates. 
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Grounding zone observations 
At ice shelf grounding zones, continental ice flows off the coasts into the ocean. While the 
glacier was previously supported at the base, it is now subjected to buoyancy force. There is a portion of 
the shelf at the grounding zone referred to as the hinge zone, which is defined neither as grounded or 
floating (Vaughan, 1995). Hinge zone ice is lowered below flotation and removed from hydrostatic 
equilibrium, resulting in increased upward buoyancy forces (James et al., 2014). The ice here is 
supported by hydrostatic pressure in part, and also by internal stresses (Vaughan, 1995). In order to 
restore equilibrium, downstream ice is required to rotate upward, often resulting in rapid fracture 
propagation (James et al., 2014). This imbalance of forces is most clearly seen in calving tidewater 
glaciers as a floating ice tongue which will undergo flexure and produce an iceberg. The flexure results in 
the formation and propagation of basal crevasses, which James et al. (2014) found to be the dominant 
process of mass loss at Helheim Glacier in Greenland. In addition to the basal crevasse, authors also 
observed a 20-30m deep depression parallel to the calving front, having developed during the weeks 
leading up to a calving even when no calving was taking place. After calving occurred, the ice rebounded 
to its original vertical position, indicating that the ice had been rotated and held beneath flotation. The 
same forces are at play at ice shelf grounding zones, without the subsequent calving.   
After crossing the grounding zone, ice continues to flow across the ice shelf toward the ice-
ocean margin and in many cases, undergoes stretching associated with flow acceleration. If a basal 
crevasse is present, thinning will be enhanced at that location on the ice shelf, in accordance with the 
viscoplastic necking process. Through numerical modeling discussed in chapter 4, necking has been 
shown to promote local ductile deformation in ice with a strain-rate-weakening material model over 
spatial scales larger than the ice thickness (Bassis and Ma, 2015). Depth integrated tensile force which 
causes stretching or spreading is given by: 
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𝐹 = 	𝐻𝜏""   
Eq. 2.1 Depth integrated tensile force. (Bassis and Ma, 2015) 
where H is ice thickness and 𝜏""  is the depth averaged deviatoric stress. In places where a basal crevasse 
is present, the same tensile force is still applied over the thinner ice column, which increases the stress 
acting on this portion of the ice shelf and as a result it will tend to deform more rapidly. I will investigate 
this instability with my own numerical models to evaluate the hypothesis that the necking process 
contributes to weak zones which dictate deformation on the Ross Ice Shelf. 
A normal buoyancy force acts upward at the ice-ocean interface and causes a zone of flexure at 
the grounding zone where the ice has not yet reached hydrostatic equilibrium (Colgan et al., 2016). Ice 
shelves are relatively flexible on large spatial scales, and the flexure seen at the grounding zone can also 
be exacerbated by tidal action, ocean swells, and other long wavelength oscillations. A new study on the 
McMurdo Ice Shelf shows the instantaneous flexure potential of surface lake filling and drainage at 
localized spatial scales (Banwell et al., 2019). This flexure can advance basal crevasse propagation and 
often is associated with a depression on the ice surface as well. If we follow ice flow upstream from 
Minna Bluff, it originates from Mullock and Skelton ice streams (Figure 1.1). Optical imagery from the 
grounding zone at Mullock shows a surface depression (Figure 2.8), which is a surficial representation of 
the grounding zone and an indicator of flexure and deformation which could lead to formation of a basal 
crevasse in accordance with my hypothesis. We propose that this trough is directly analogous to 
features seen on marine-terminating glaciers prior to calving (James et al., 2014), but of course, calving 
does not occur here on account of the stability and spatial extent of the ice shelf. A trough of similar 
magnitude was found by Durand et al., 2009 in a numerical modeling study of the buoyancy condition at 
ice sheet grounding zones. Subglacial lakes in East Antarctica have been recognized by a very flat surface 
bounded by troughs across the upstream grounding zone up to 15 m deep (Bell et al., 2006, 2007). 
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Grounding zones are constantly moving and changing, as often as on a sub-daily timescale, and can be 
associated with different surface expressions. When a depression isn’t present, grounding zone can be 
detected using breaks in the surface slope (Hogg et al., 2018), which represents the location at which 
the ice transitions from flowing down bedrock slopes to adjusting to floating conditions.  
 
Figure 2.8. Elevation profile of surface depression at Mullock Ice Stream’s grounding zone. Depression is on 
the order of 10 m deep. Image accessed using Google Earth, and elevation profile produced using ice surface, 
ice base, and bed surface measurements (Bedmap-2, Fretwell et al., 2013). 
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CHAPTER 3 
LARGE SCALE ICE SHEET MODELING 
Model setup 
The model discussed in this chapter will consider the Ross Ice Shelf as an entire system, and the 
goal is to evaluate the overall velocity structure and stability. I used the Ice Sheet System Model (ISSM) 
for this investigation, which was created to study the evolution of large ice bodies and bases modeling of 
kinematics and dynamics on observational datasets. ISSM uses the Finite Element Method to allow for 
the use of an unstructured anisotropic mesh. In this model, the mesh is more refined in areas where 
velocity and thickness have a steep gradient, and coarser in other areas (Figure 3.1). The resulting mesh 
is constructed with elements sized from 500 m to 5 km. The minimum mesh size was defined to be 
compatible with the resolution of the ice velocity data, which is 450 m. The anisotropy allows us to save 
computation time and solve for higher resolution flow solutions in places of interest such as the 
grounding zone, shear zones, pinning point, etc.  
 
Figure 3.1. Anisotropic mesh used in Ice Sheet System Model (ISSM) for entire Ross Ice Shelf Domain. 
Patterns in the center of the mesh are indicative of satellite tracks. 
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The model is run in two dimensions and computes a depth-averaged velocity to represent the 
vertical direction. In this model, ice flow is governed by the Shallow Shelf Approximation (SSA), 
sometimes referred to as Shelfy Stream. SSA uses the following equations to solve for ice flow: 
 
Equation 3.1 Shallow Shelf Approximation. (Morlighem et al., 2018) 
 
where μ is ice-averaged viscosity, H is ice thickness, and α is the basal friction coefficient. Ice 
viscosity is determined by the widely used Glen’s flow law: 
 
Equation 3.2 Glen’s flow law. (Morlighem et al., 2018) 
 
where B is a rigidity parameter for ice, and stress exponent n is set to 3. SSA is a simplification of the 
Stokes equations, and makes the additional assumptions that longitudinal stress associated with flow 
are dominant, there is minimal vertical shear, and bridging effects are negligible. I deem these equations 
appropriate for my domain because the majority of the domain is floating, with negligible basal drag.  
 ISSM uses an inverse method, beginning with an observational surface velocity dataset, to solve 
for the basal friction coefficient (α) on grounded portions of the domain and the ice rigidity parameter 
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(B) on floating portions (Morlighem et al., 2018). These values are constrained according to certain cost 
functions which ensure minimal misfit between the model and the observations. 
Observational datasets provide the initial conditions for the model (Figure 3.2) and provide a 
starting state for which the model begins the simulation. The thickness dataset shows, as expected, that 
the ice shelf is relatively thin compared to the glaciers grounded on the continent. Byrd Glacier is very 
thick compared to any other feeder glacier to the ice shelf, reaching a thickness of about 3200 m at its 
grounding zone (Fretwell et al., 2013). The thinnest parts of the Ross Ice Shelf are near the ocean-ice 
boundary, and particularly directly north of Minna Bluff and in my study area, where thicknesses 
approach 50 m. Surficial velocity shows that ice flow of Byrd Glacier is faster than its neighboring feeder 
glaciers by anywhere from about 900 to 1,100 m/yr, and also shows that ice shelf velocity increases 
toward the ice-ocean margin. The slow flowing areas shown in dark blue largely represent surrounding 
exposed bedrock and peripheral ice bodies which do not directly flow into the ice shelf. The velocity 
structure as recognized in ISSM confirms the understood kinematics in the region discussed in chapter 2 
and is thus an acceptable starting place for this model. The initial mask, or distinction between ice that is 
floating and grounded, is calculated by a flotation criterion in ISSM, rather than loaded in directly from a 
dataset. The position of the grounding line is at the contact between the two domains.  
 
Figure 3.2. Maps of the ice domain for model is ISSM with initial conditions. (a) initial ice thickness is given by 
observational dataset Bedmap-2 (Fretwell et al., 2013), (b) initial surficial ice flow velocity is given by 
Measures-2 dataset (Rignot, 2017), (c) Initial mask indicated which domain is floating and grounded and thus 
prescribes the position of the grounding line. ISSM solves for this parameter based on a flotation criterion 
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using ice thickness, bed topography and sea level. Other initial datasets included in ISSM but not shown here 
include bed topography, ice base, and ice surface (Bedmap-2, Fretwell et al., 2013). 
 Because the Ross Ice Shelf is a dynamic system, all of these parameters are constantly changing. 
I have used datasets which are widely available and accepted across the field, but it is important to 
remember that these are not a perfect match to current conditions. Even so, they provide a good 
starting place to understand how the system could change due to various forcings based on climatic and 
mechanical projections. 
 In order to investigate the effects of different transient scenarios on the Ross Ice Shelf system, I 
ran ISSM with several different scenarios. The following transient conditions are combined in different 
ways to test the sensitivity of the nature of the change. The changes fall into three major categories: 
I. Fluctuations in surface mass balance 
Surface mass balance (SMB), which in this case is synonymous with surface accumulation, can 
be adjusted from the initial heterogeneous dataset derived from observations (Vaughan et al., 
1999) (Figure 3.3). These values are adjusted to reflect projections in the Fifth 
Intergovernmental Panel on Climate Change (IPCC) report in accordance with a low emissions 
pathway (RCP 2.6) and a high emissions pathway (RCP 8.5) (IPCC, 2014). Each of these pathways 
project warming temperatures and increased Antarctic precipitation. This is because warming 
oceans and air masses around Antarctica will produce more moisture in the atmosphere. In 
coastal Antarctica, RCP 2.6 projections show a SMB increase of 5.1% in the next 100 years, while 
RCP 8.5 projects an increase of 22.6% on the same time scale. SMB is applied as meters per year 
water equivalent (m/yr w.e.) and is a constant accumulation rate for the entirety of the model 
run rather than an incremental increase.  
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Figure 3.3. Map of spatially heterogeneous surface accumulation rates in meters per year water equivalence 
(m/a w.e). Positive values represent a net gain of accumulation per year. The initial grounding line position 
used in modeling is superimposed in light blue. 
II. Heterogeneous basal melting/marine ice accretion 
 
Basal melting on the Ross Ice Shelf is generally considered to be minimal to zero, with areas 
where the ocean temperature is cold enough that marine ice is actually accreted on the ice 
shelf’s base. Datasets detailed in (Rignot et al., 2013) show spatial variation across the ice shelf 
from basal melt rates of about zero to five meters per year. Another recent paper (Stewart et 
al., 2019) reveals higher melt rates near the ice front around Ross Island the McMurdo Ice Shelf 
due to influence from a polynya, or sea ice gap which can absorb solar energy due to low ocean 
surface albedo. I assembled a heterogeneous basal melt rate map based on the aforementioned 
studies which is temporally constant throughout the model time (Figure 3.4). The average melt 
rate over the entire ice shelf comes out to about 0.3 m/a, as dictated by Rignot et al. 2013. 
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Figure 3.4. Map of spatially heterogeneous submarine melt rates on floating ice in meters per year. Positive 
values represent a net loss by ice melt each year, while negative values indicate marine ice accretion on the 
ice shelf bottom. The initial grounding line position used in modeling is superimposed in dark blue. 
III. Calving by propagation of pre-existing rifts 
 
Satellite imagery reveals the current geometry of rifts at Minna Bluff as well as other rifts across 
Ross Ice Shelf. During ISSM simulations, I removed parts of the ice front as if preexisting rifts 
propagated to create an iceberg calving event. The geometry of the model is cut off to reveal a 
new ice front (Figure 3.5). 
 
Figure 3.5. Initial mask and geometry compared with the geometry after a portion of the ice front is 
removed. 
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Results 
Site-specific analysis 
 It is preferable for a more accurate solution to run ISSM with a model domain large enough to 
include the glacier catchments which contribute to the Ross Ice Shelf, but when visualizing results, it is 
more useful to view selected areas of interest to analyze the localized details. Changes in ice thickness 
and ice flow velocity indicate how this region responds to the large scale-imposed conditions, which in 
this case are variable submarine melt and current baseline surface mass balance for the 100 yr model 
cycle (Figure 3.6).  
 
Figure 3.6. ISSM results with variable basal melt and current baseline surface mass balance rates showing a 
selected area at Minna Bluff. A terrain map is overlain from the Reference Elevation Model of Antarctica 
(Howat et al., 2018). (a) change in ice thickness from the initialized state to t = 100 years (b) change in 
velocity from the initial values to t = 100 years  
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The area directly adjacent to Minna Bluff shows a thinning of nearly 120 m, reducing to a total 
thickness of about 180 m, which would have significant implications on rift development in the area. 
Strength of the ice shelf is dependent on its thickness, and a thinner slab will be easier to pull apart into 
a full thickness rift. With thinning, there is a decrease in ice flow velocity in most of this region as well. 
At Minna Bluff’s tip, the velocity stays nearly constant, then shows a decrease of over 100 m/yr as you 
move further east. There is a small area adjacent to the bluff which has a velocity increase, but the rest 
of the domain shows a change in velocity of close to zero and below. This pattern of change in velocity 
will reduce the velocity gradient between ice at Minna Bluff and ice which is influenced by Byrd Glacier’s 
relatively fast flow. Understandably, thinning across the ice shelf can lead to a reduction in driving forces 
for flow and spreading and therefore may produce a decrease in flow velocity as is seen here. These 
results were produced using current surface mass balance rates, but I did test these parameters with 
varying projected SMB changes (IPCC, 2014), and the results showed no significant changes in trend or 
thickness and velocity magnitude. 
Interestingly, when exploring the area around the grounding zone of Byrd Glacier, there is a 
thickening trend at t = 100 yrs (Figure 3.7). Byrd Ice Stream shows a signal of ice thickening from close to 
zero to over 100 m. Compared to this region’s overall thickness (> 3000 m), this increase is small. I 
interpret the thickening here to be a result of surface accumulation gain across the Ross Ice Shelf 
domain. Though much of the ice shelf is thinning during the model run due to submarine melt rates, the 
grounded ice has no basal melt, and gains mass at the surface at each step. Even though the entirety of 
Byrd Glacier in this region shows thickening, upstream from the grounding zone the results show a 
decrease in velocity from about 100 to 200 m/yr (Figure 3.7). Following this decrease, across the 
grounding zone there is a velocity increase of approximately the same magnitude. This could be due to 
irregularities at the bed, as the bed at this grounding zone has an inverse slope which accommodates 
Byrd’s immense thickness. This velocity regime change is also associated with a decreased thickening 
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signal, which I interpret is because the slowdown and subsequent speed up in velocity causes stretching 
in the longitudinal ice flow direction. 
 
Figure 3.7. ISSM results with variable basal melt and current baseline surface mass balance rates showing a 
selected area at the grounding zone of Byrd Glacier. A terrain map is overlain from radar satellite from 
RADARSAT-1 (CSA, 2002). (a) change in ice thickness from the initialized state to t = 100 years (b) change in 
velocity from the initial values to t = 100 years 
Whole ice shelf evaluation 
Though surface mass balance changes do not show obvious results on small spatial scales in 
regard to thickness and velocity, they have the potential to have a greater effect on the system as a 
whole. Results below represent 6 prescribed scenarios up to 100 years for the entire Ross Ice Shelf 
model domain (Figure 3.8). Each scenario has variable submarine melt rates (Figure 3.4) and then SMB 
which match current conditions, as well as RCP 2.6 and RCP 8.5 projected SMB (IPCC, 2014). Each of 
these three SMB forcings are tested both with a front retreat scenario and a geometry-as-is scenario. Ice 
volume above flotation (Figure 3.8) is a useful tool to evaluate the overall stability of an ice shelf system, 
including major connected land glaciers because it represents ice that remains above sea level anywhere 
in the system. In all six cases of this model simulation, the ice volume above flotation increases over the 
next 100 years, projecting that the Ross Ice Shelf will be stable and actually will gain ice mass.  
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Figure 3.8. Graph of ice volume above flotation from 10 to 100 years in the future for scenarios with 
heterogeneous basal melt, variable surface mass balance conditions. Scenarios include: baseline (current 
conditions based on observations), 5.1% increase, and 22.6% increase, with ice front retreat (FR) and without 
front retreat. 
Between the six model run scenarios, however, there are interesting differences. Firstly, at the 
start of the model at t = 10 yrs, the scenarios which had just undergone front retreat have about 
1.65e11 m3 less ice volume above flotation than the scenarios which kept a constant ice shelf geometry. 
Additionally, in all front retreat scenarios, ice volume is gained back more slowly throughout the 100-
year run than the scenarios without front retreat and with corresponding surface mass balance. Without 
an induced calving event, the ice sheet model projects that the ice sheet will gain between 2e9 m3 and 
4e9 m3 more each year than in scenarios where calving has occurred.  
In all projections from the most recent IPCC report, surface accumulation in coastal Antarctica is 
projected to increase. So, even with the lowest value in their report (5.1% increase over the next 100 
years), the currently estimated heterogeneous basal melt rates on the ice shelf are not enough to cause 
a collapse of the Ross Ice Shelf within the next 100 years according to the parameters in this large-scale 
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model. These results don’t represent the possibility of elevated basal melt rates due to ocean warming, 
so next I will test the sensitivity of the system’s stability to higher melt rates. 
Currently, the estimated Ross Ice Shelf basal melt rate is between 0-0.3 m/yr (Rignot et al., 
2013). Projections indicate a range of possibilities, from no change (Timmermann, 2002; Hellmer, 2004; 
Timmermann and Hellmer, 2013) to a 71% increase in ice mass loss by 2100 (Naughten et al., 2018). 
Based on the 0.3 m/yr average, a 71% increase would mean about 0.51 m/yr, but since basal melt is 
heterogeneous, some locations would see higher melt rates. The next sensitivity test shows how much 
basal melt would be required to cause ice volume decline within the next century, assuming the 
continuation of current surface mass balance conditions (Figure 3.9). Basal melt rates are applied 
homogeneously throughout the entire Ross Ice Shelf domain, and testing reveals that the rate would 
have to be about 2.75 m/yr to produce net loss of volume above flotation over the next 100 years. Even 
so, the projection is irregular over time, and shows ice volume increase until t = 90 yrs, before finally 
arriving at a net loss of 3.1e10 m3 ice above flotation. 
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Figure 3.9. Projections of ice volume above flotation over the next 100 years with elevated basal melt rates. 
The topmost blue line represents variable basal melt rates which were used in the previously described 
model runs based on observations (Figure 3.4.), while the other data represents homogeneous basal melt 
rates as described in the legend. 
 The next test is a representation of ice volume above flotation if the Ross Ice Shelf were subject 
to high basal melt rates matching those observed at Thwaites and Pine Island Glaciers (Figure 3.10). 
These are extreme scenarios, so they produce larger amounts of ice loss and sea level contributions. At 
levels of basal melt around what has been observed at Thwaites and Pine Island Glaciers, 17 m/yr 
(Rignot et al., 2013), ice volume above flotation lost at t = 100 is 1.4e13 m3, or 36.3 mm of global sea 
level rise. With a doubled high melt scenario, 34 m/yr, 2.1e13 m3 of ice volume above flotation is lost. 
This would be a huge amount of ice loss and would decrease the stress the Ross Ice Shelf imposes on the 
West Antarctic Ice Sheet as well as contribute to sea level, since much of the domain is presently 
grounded.  
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Figure 3.10. Projections of ice volume above flotation over the next 100 years with basal melt rates as 
observed at Thwaites and Pine Island Glaciers. The topmost blue line represents variable basal melt rates 
which were used in the previously described model runs based on observations (Figure 3.4), while the other 
data represents homogeneous basal melt rates as described in the legend where 17 m/yr is based on 
observations at Thwaites and Pine Island Glaciers, and 34 m/yr is a doubled high melt scenario. 
 Using the most plausible scenarios for the Ross Ice Shelf, including projected surface 
accumulation changes, basal melt variation and changes, and even front retreat, the large-scale 
modeling in ISSM shows that the system is likely to remain stable for the next 100 years within the 
parameters imposed in my modeling, and it is important to keep in mind the limitations of this study.  
 Climate change is a global process, so in order to fully characterize the oceanic and atmospheric 
changes near the Ross Ice Shelf over the next century, I would need to consider how those aspects are 
changing globally, which is not done in this model. Feedback mechanisms associated with changes in sea 
ice cover and longevity around Antarctica would likely also have an effect on conditions of the Ross Ice 
Shelf. I have also not included uplift effects due to isostacy, which are estimated to be between 0 and 5 
mm/yr in the Ross Sea sector (Ivins and James, 2005). These results are not fully coupled to a thermal 
solution, and thus do not account for melting due to geothermal heating or atmospheric warming. The 
floating ice melting rate is temporally static through the model run, and there is no connection with 
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migrating meltwater plumes, seasonal circumpolar deep-water intrusions, or other dynamic ocean-ice 
interactions. Although I have imposed a pseudo-calving event by removing part of the ice front in this 
model, realistic calving occurs dynamically as a result of internal ice shelf stresses and interactions with 
the ocean. There are a number of localized processes that are not captured which could affect the 
stability of the ice shelf. The Ross Ice Shelf has many areas of rifting, crevassing, and shearing, which are 
not represented in the ISSM solution, and so smaller scale deformation at the grounding zone and at 
bedrock constrictions will be investigated further in the context of the Ross Ice Shelf. 
Intermediate conclusions 
 This large-scale ice shelf modeling is helpful in confirming what I know about the velocity 
structure of the Ross Ice Shelf and my study site in particular. Inflowing Byrd Glacier is the most 
dominant feature in the region and persists as relatively fast flowing compare to neighboring ice near 
my study site at Minna Bluff. Velocity increases toward the ice front as does thickness. The transient 
solution shows a trend of widespread ice shelf thinning with basal melt, and ice mass gain with 
increased surface accumulation, which is expected. On a local scale, these signals are more variable due 
to heterogeneities in bed geometry, floating ice melt rate, and surface accumulation rate. When 
applying the most reasonable conditions over the next century, including heterogeneous melt rate 
derived from observations, surface mass balance increases as projected by the IPCC, and calving by 
propagation of existent rifts, the results show that the system remains stable. Submarine melt would 
have to exceed projected values to produce ice shelf mass loss within this time scale. Considering the 
forcings applied to my model, the Ross Ice Shelf does not show collapse over the next 100 years, but 
these results exclude several of critical processes, most notably dynamic calving, ice-ocean thermal 
coupling, and localized ice shelf deformation.  
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CHAPTER 4 
EXPLORING LOCAL DEFORMATION WITH NUMERICAL MODELS 
The Ross Ice Shelf (RIS) is the largest in Antarctica, but it’s stability could be contingent upon 
deformation on comparatively small scales. There are several important processes which can lead to rift 
propagation or localized thinning that I will explore using numerical models (Table 4.1). The results of 
these small-scale studies will complement the large-scale ice sheet model and contribute to a more 
complete picture of stability of the Ross Ice Shelf.  
Model Program  Processes investigated 
1 COMSOL Multiphysics 
Modeling Software 
Stretching and necking with a pre-existing basal instability 
2 Fast Lagrangian Analysis of 
Continua in 3 Dimensions 
Grounding zone transition, buoyancy force, longitudinal 
stretching 
3 Fast Lagrangian Analysis of 
Continua in 3 Dimensions 
Lateral drag against a bedrock constriction, rifting along 
discrete vertical breaks, cohesive vertical weak zones 
 
Table 4.1. Listing of the numerical models. These are used to investigate deformation behavior related to 
observations on the western lateral margin of the Ross Ice Shelf. 
 
Stretching and necking 
In order to investigate longitudinal stretching and necking of ice, I used a finite element model in 
COMSOL Multiphysics Modeling Software, a numerical modeling package which enables large scale 
strain with various material models. The model is set up as an elastic block with a nonlinear power-law 
component and is initialized with the physical properties of ice and a basal crevasse (Figure 4.1). The 
nonlinear relationship between shear stress (𝜏) and shear strain (𝛾) is dictated by Ludwik’s Law: 
𝜏 = 𝜏* + 𝑘𝛾
-
. 
Equation 4.1. Ludwik’s law. (Gonzales, 2015) 
 
35 
 
where k is a material constant and n is a stress exponent that is set at 3, as is most common when 
modeling ice. Values for n closer to 1 tend toward linear behavior, while n = ¥ represents a perfectly 
plastic material. For the ice domain in this model, bulk modulus = 2e9 Pa, shear modulus = 6e8 Pa, 
reference shear strain = 0.02, and density = 917 kg/m3. 
The block is stretched incrementally from the left side of the model domain using a prescribed 
displacement boundary condition. The dimensions of the model are scaled on the same order as the 
previous flexure and stretching models. The goal of this model is to observe the necking phenomenon, 
which is increased thinning at the site of the basal crevasse compared with the ice on either side when 
the entire domain is stretched. I proceed with a stationary model which is not time dependent. During 
each model step, an incremental x-displacement of -0.1 m is compounded onto the left side of the 
domain (Figure 4.1) until it reaches -900 m. 
 
Figure 4.1. Cross sectional profile of 3D mesh used to initialize the crevasse necking model. Model domain 
and the basal crevasse extend XX m in the x direction. 
If a basal crevasse is initiated at the grounding zone due to flexure, with subsequent stretching 
we should also see a thinning phenomenon at the site of the crevasse called necking. Next, I investigate 
this process using an elastic material model with a nonlinear power law component with an ice block 
which has a similar thickness to ice shelf flexure model discussed above. After stretching 500 m from the 
left side of the model domain, the position of the ice surface above the crevasse decreases about 150 m, 
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producing a localized depression which is continuous in the y direction and an overall thinning of about 
72 meters in the center ice column (Figure 4.2). This model illustrates the necking instability quite nicely, 
though the elastic nature of the material model means that when the displacement condition is 
removed, the domain would revert back to its original position. 
 
Figure 4.2. Result of necking model showing displacement in the z-direction in a cross section on the xz plane 
of the 3D domain. Downward displacement is negative (blue). Total velocity vectors are superimposed in 
white. 
Shear stress patterns branch outward from the crevasse (Figure 4.3). Though boundary 
conditions in the model cause large stresses at the corners of the ice block domain, these are not a 
reflection of the real system. Stress localization around the crevasse shows that a zone with an initial 
instability will tend to undergo higher stress than the ice on either side. This pattern promotes the idea 
that a basal crevasse formed at the grounding zone persists through advection with ice flow as a vertical 
weak zone. 
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Figure 4.3. Result of necking model showing shear stress in the vertical plane (𝜎"#) in a cross section on the xz 
plane of the 3D domain. 
 
 This model characterizes the necking phenomenon, but it is important to note that the elastic 
material model will not allow for the proper representation of viscous behavior. The rheological 
variables should be explored further in future work, notably to include a viscous and strain softening 
component. Another limitation is that the coarse element mesh does not allow for much shape 
evolution of the crevasse. A viscous material model would help, but a smaller element size may also 
capture the crevasse evolution more accurately for future studies. 
Ice shelf modeling with FLAC3D 
To investigate deformation related to ice shelf buoyancy at the grounding zone, longitudinal 
stretching, and lateral drag of the ice shelf along a bedrock constriction, I used finite element/difference 
numerical methods. For the following models, we use the software Fast Lagrangian Analysis of Continua 
in 3 Dimensions (FLAC3D), which was developed for numerical modeling of geotechnical problems and 
has the ability to represent large scale strain for variable constitutive models. Results are presented as 
an elastic-plastic solution for the Cauchy stress equation (Eq. 4.2). The traction vector (𝜏/), or the force 
acting on a surface, is given by the state of stress at a given point in the model domain represented as 
the symmetric stress tensor (𝜎/0) and the outward normal vector (𝑛0). 
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𝜏/ = 	𝜎/0𝑛0   
Equation 4.2 Cauchy stress equation. 
 To govern model movement in response to applied forces, the standard equation of motion for 
an infinitesimal volume of fluid (sum of all forces = mass * acceleration) is adapted to consider a fluid 
subject to a body force (force per unit mass). This is given by Cauchy’s equations of motion (Eq. 4.3), 
where 𝑥/  and 𝑣/ are the vector components of position and velocity, respectively, 𝜌 is material density, 
and 𝑔 is the acceleration due to gravity. Though I defined the equation on the basis of a fluid, Cauchy’s 
motion equations are applicable to any continuum. 
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Equation 4.3 Cauchy’s equations of motion. 
 The material properties used for both the ice and rock model domains can be found in Table 4.2. 
Values for rock match those of granite as seen in the literature, but in all cases in these models the rock 
domain is fixed in all dimensions, so there is no deformation. The values given for the ice domain are 
also based on the literature, but some are scaled to match the forcings in these models such as 
buoyancy force and longitudinal ice flow velocity, which are temporally upscaled and therefore cause 
the model elements to deform quite rapidly. Tensile strength for ice usually lies between 0.7 to 3.1 MPa 
(Petrovic, 2003), but I used a lower value, 0.08 MPa, because the model is very sensitive to this 
parameter. Cohesion was chosen to be one order of magnitude larger than tensile strength. The value 
chosen for internal angle of friction, 30°, was best fit to produce realistic results while saving computing 
time and preventing model failure. I tested the models with friction angles of 25°, 20°, 15°, 10°, and 5°, 
and found that the general strain patterns were the same through each model and largely material 
strength independent. However, for more detailed analysis, accurately scaled material constants should 
be used for a longer model run and incorporation of re-gridding to avoid model element breakdown.  
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Property Ice Rock 
Density 917 kg/m3 2700 kg/m3 
Bulk modulus 2*109 Pa 5*1010 Pa 
Shear modulus 6*108 Pa 1.6*1010 Pa 
Tensile strength 8*104 Pa 2.8*106 Pa 
Internal angle of friction 30° 60° 
Cohesion 8*105 Pa 2.8*107 Pa 
 
Table 4.2. Listing of material constants used in FLAC3D modeling. Parameters are used for elastic and Mohr-
Coulomb material treatments. 
Grounding zone flexure and longitudinal stretching 
The initial geometry of the model represents a simplified but accurately scaled area at the 
grounding zone at Mullock Ice Stream, with a grounded to floating ice transition and underlying bedrock 
(Figure 4.4). Ice is thinnest at the downstream edge of the model domain (left side of Figure 4.4), while 
ice column thickens slightly toward the grounded ice and has a reverse sloped bed. The vertical position 
of the base of floating ice follows a slope of 0.01 as it increases in the direction of flow. 
 
Figure 4.4. Initial geometry used for grounding zone flexure model. Vectors on the base represent buoyancy 
force, while the vectors on the sides represent an assumed continuity of ice, and vectors of the same purpose 
are imposed along the lateral flow margins as well (not pictured). Light blue domain is ice, which sits on top 
of a comparatively thin sheet of bedrock. 4000 m along the x direction contains floating ice, while the 
remaining 2000 m on the right contains grounded ice, which is supported by the bedrock layer. 
The geometry of the model has finite boundaries on either side parallel to flow and at the distal 
end perpendicular to flow, directions in which the real system would be continuous. Stress boundaries 
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defined by 𝜌𝑔ℎ	are imposed on all sides to simulate this continuity, where 𝜌 is ice density 917 kg/m3, 𝑔 
is the gravitational acceleration coefficient 9.81 m/s2, and ℎ is the ice column height in meters. An 
upward directed stress boundary condition also defined by 𝜌𝑔ℎ	applies to the base of the floating ice 
domain to represent buoyancy. After settling the domain with gravity, the upward force at the ice base 
increases to represent flexure and the simulation continues with a Mohr-Coulomb model and physical 
properties to reflect ice (Table 4.1). The ice slab undergoes flexure until its surface deformation is 
consistent with an average of the observed angles from grounded ice surface to floating ice surface of 
Byrd, Mullock, and Skelton ice streams. 
While flexure continues, I initiate a small longitudinal x-velocity gradient in the direction of flow, 
with the greatest velocity at the distal end of the floating ice (left side of Figure 4.4). Grounded ice is 
allowed to slide along a frictional interface at the bedrock surface with a basal friction of 15. As a result 
of frictional resistance along the ice-bedrock contact, the ice slab begins to stretch and thin. The 
buoyancy condition updates dynamically through the course of the simulation. During flexure and 
stretching, zones are allowed to lift upward off the bedrock or slide across the grounding zone. When 
they are no longer in contact with the bed, they are then subjected to buoyancy force. 
 The first step of this model is to induce flexure similar to what ice would undergo as it flows 
across the grounding zone. To accomplish this, buoyancy forces which propagate upward from the base 
are increased until the distal edge of the ice domain is pushed upward just over 40 m (Figure 4.5a). The 
xx component of the strain rate, parallel to flow direction, shows clear zones of localized strain as a 
result of the buoyancy induced flexure (Figure 4.5b). Directly at the grounding zone, the base of the ice 
shows a positive strain rate indicating expansion, while the associated position on the ice surface shows 
negative strain, or contraction. These are exactly the strain patterns I would expect to see in a hinge 
zone like this. This model can accommodate large scale strain, but not discrete breakage. It does, 
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however, does show that both zones showing localized strain are in a state of present shear failure 
(Figure 4.5c), suggesting that fracture is possible in the real system. This seems to support the portion of 
my hypothesis that flexure at the grounding zone causes basal crevassing. The next step is to 
incorporate longitudinal stretching into this model and observe any transformation of the zones which 
have already deformed. 
  
Figure 4.5. Contour plots of results of flexure model. (a) zone z (vertical) displacement, showing upward 
displacement as positive values (b) xx strain rate, where positive values (red) represents extensional strain, 
and negative values (blue) represent compressional strain (c) failure state, showing zones presently or 
previously in shear failure. All contour plots show a cut-plane through the center of the y-domain. 
During the stretching phase, the imposed x-component velocity induces stretching of the distal 
(left) ice edge of over 100 m (Figure 4.6a). This boundary gets distorted and deformed as a consequence 
of the model zones and corresponding supporting vectors become unbalanced, but the portion of 
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greatest interest is at the grounding zone. The xx-strain rate (Figure 4.6b) reveals that the area of 
localized extensional strain at the base of the ice at the grounding zone has extended upward into the 
ice. Similarly, the area of shear failure where there is extension has increased in the z and x directions 
(4.6c). On the ice surface, the zone of compression becomes more localized with a higher strain rate. 
The regions on either side of the grounding zone remain without any state of failure, so I am confident 
that this expansion of shear failure is an amplification of the original deformation due to flexure (Figure 
4.5b), rather than due to the stretching of the slab alone. This expansion of damaged ice supports the 
hypothesis that a region of deformation initiated at the grounding zone can be enlarged through 
stretching as ice flows throughout the floating ice shelf. 
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Figure 4.6. Contour plots of results of flexure and stretching model. (a) zone x displacement (parallel to flow), 
showing displacement in the flow direction as negative values (b) xx strain rate, where positive values (red) 
represent extensional strain, and negative values (blue) represent compressional strain (c) failure state, 
showing zones presently or previously in shear failure. All contour plots show a cut-plane through the center 
of the y-domain. 
 
These processes will continue as the ice stream flows into the ice shelf at a relatively consistent 
rate and I hypothesize that this will produce weak zones at a semi-regular periodicity. Because ice 
streams flow into the ross ice shelf at a relatively constant velocity, a time dependence arises due to 
interaction of grounding and buoyancy. Buoyancy force acts as a lever to overcome basal grounding and 
increases as a function of the length of the ice which is maintained below hydrostatic equilibrium. The 
amount of time required to produce sufficient buoyancy force to restore hydrostatic equilibrium gives 
rise to a temporal and hence spatial periodicity in the flotation process. 
44 
 
 
Lateral drag along a bedrock constriction 
Model setup 
 In order to investigate deformation patterns associated with lateral drag past a bedrock bluff 
and its role in rift formation, I created a simplified model geometry to represent the Ross Ice Shelf 
where it flows against Minna Bluff (Figure 4.7). In the natural system, Minna Bluff has sloped sides on 
which the ice is grounded in a small area to the south, but the model is simplified to a vertical boundary 
with linear with dimensions approximately matching those of the real system. Ice thickness is 300 m at 
the upstream margin (top of figure 4.7), while it thins to 250 at the downstream margin, which is 
comparable to thicknesses derived from observations (Fretwell et al., 2013). The goal of this model is to 
analyze the strain patterns and resultant deformation around the bedrock constriction and compare to 
existing structures at the study site, and the geometric simplifications still allow the dominant physics in 
the system to be observed. 
 
Figure 4.7. Simplified lateral drag model initial geometry modeled after the shape of Minna Bluff at the 
constriction point where ice flows past and begins to produce full thickness rifts. The left lateral margin has a 
relatively large fixed x-velocity at -1.268e-2 m/s to represent the influence of Byrd Glacier’s flow to the east 
of Minna Bluff. The rest of the ice domain is initialized, but not fixed, with a velocity gradient with x-velocity -
6.184e-3 m/s at the top and 8.562e-3 m/s. The bottom of the ice domain along with the sides which are not 
bound by a bedrock boundary are subjected to forces defined by 𝜌𝑔ℎ	to represent buoyancy and ice 
continuity. The interface where ice comes in contact with the rock domain has a friction angle defined as 25. 
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On the left margin of the model, the x-velocity is fixed to simulate faster flowing ice that is 
influenced by flows from Byrd, Mullock, and Skelton glaciers upstream. The remaining ice domain starts 
with an initial velocity with a small gradient, so that faster moving ice is at the northern end of the 
domain (bottom of model in Figure 4.7), and ice flow gets incrementally smaller further south in the x 
direction. These initialized velocities are not fixed, and update at each model step as a response to the 
kinematic state of the system. Though these chosen velocities are scaled appropriately to each other in 
terms of velocity patterns in the vicinity of Minna Bluff, these values have been adjusted so that they are 
three orders of magnitude higher than in the real ice shelf system. This is in order to save computing 
time as well as to overcome vertical instabilities associated with the error in the underlying buoyancy 
forces. Because of this adjustment, each model step is also three orders of magnitude larger than the 
standard 1 s, so each step in my simulations represents 1,000 s. The portion of this model in which I am 
most interested is at the corner of the rock domain where ice flows past and then drags along the 
exposed bluff side. 
The interface at the ice-rock contact has a friction angle defined as 25 degrees, and shear and 
normal stiffnesses of 2.8e8 Pa. These conditions are in place everywhere ice and rock are touching in the 
initial geometry but are not updated if ice and rock come in contact in other locations as the model 
progresses. As with the buoyancy and stretching model, ice is assumed to be continuous in all directions, 
so stress boundaries defined by 𝜌𝑔ℎ	are imposed facing inward on the lateral margins of the ice domain 
which is not in contact with rock to represent ice continuity. Similar 𝜌𝑔ℎ	stress conditions are applied on 
the base to represent equilibrium with buoyancy. To maintain a balanced system in the vertical z 
direction, a single xy plane at 90% of the ice thickness has a fixed zero z-velocity. 90% ice thickness is the 
approximate plane which would separate submerged ice from ice above the water line, and so any 
resultant thickness changes throughout the model domain should reflect this, with nine times more 
thickness change on the underside of the ice model.  
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Simple drag 
 During this model run, flowing ice drags past a bedrock constriction modeled after Minna Bluff 
for the equivalence of one year. Ice toward the left margin of the model is dragged along in accordance 
with the increased boundary condition. On the upper right-hand portion of the model, northward 
flowing ice is constricted by Minna Bluff and slows down tremendously. Strain increment represents 
strain as a function of total displacement over the entire model run, in comparison to strain rate, which 
is an instantaneous measure of strain. Due to the constriction, there is a localization of extensional 
(positive) strain that spans outward, comparable to the east direction, and then upward (south) (Figure 
4.8a). This is directly relatable to the natural system in terms of the location where rifting is seen to 
begin as well as the direction of the rift propagation. Directly to the southwest of the bluff, where ice 
flow is stopped by the bedrock and velocity is reduced to nearly zero, there is a negative compressive 
strain signal. The blue strain contours appear faint here because their values are an order of magnitude 
less than the extension occurring just downstream, which affirms that the pull apart strain is dominant. 
The same zones which show extensional strain are also shown to be in a present state of tensional 
failure (Figure 4.8b). Both the high strain increments as well as the tensional failure state extends 
downward throughout the ice column, so this suggests that in the real system, these processes lead to 
full thickness rifting. 
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Figure 4.8. Contour plots of results of simple lateral drag model. (a) XX strain increment results with 
superimposed velocity vectors after a model run of 1 year. Positive (red) values show extensional strain, 
while negative (blue) values, which can be seen faintly in the upper right ice domain, show compressional 
strain and (b) failure state showing zones presently or previously in tensional and shear failure. 
 At the sites of extension and compression, the results predictably show thinning and thickening 
(respectively). Because the ice domain’s z-velocity is fixed at 90% of its thickness to maintain hydrostatic 
equilibrium, the z-displacement at the base is roughly nine times that which results on the surface. After 
a model run of one year’s time, there is z-displacement of -1.2 m on the surface and +12 m at the base, 
with a total thinning of about 4% of its original thickness. During the model steps leading up to one year, 
zones at the site of highest extensional strain increment get pulled apart and their rate of thinning 
increases. This localized acceleration of thinning compared to surrounding ice is representative of the 
necking phenomenon, during which preexisting instabilities cause deformation at a higher rate. South of 
Minna Bluff, the less concentrated compressional zone build-up leads to 3 m of total thickening, or 0.1% 
of the original thickness. 
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Drag with discrete rifts 
To further explore the process of rift propagation, I created a simplified way to allow a crack to 
develop in the ice. I emplaced vertical interfaces through the ice which allow model zones on either side 
to be separated and act as free surfaces in the model domain. This is a significant simplification of the 
real system, but I am relating these discrete breaks to the hypothesized weak zones which govern the 
opening and periodicity of rifting at Minna Bluff. The goal of the model is to examine the kinematics of 
the separated ice blocks as well as the difference in strain at the constriction between this model and 
the cohesive geometry. Two renditions of this model are demonstrated: a singular east-west trending 
vertical rift and the east-west rift intersected by a north-south rift near the left margin of the model. The 
additional north-south rift is added to represent similarly trending troughs or weak zones which are 
seen in the natural system via satellite imagery (Figure 1.1). 
 In the following results, the same velocity field and boundary conditions are imposed here as on 
the simple drag model. A single east-west trending interface is emplaced (Figure 4.9) and begins to form 
a “rift” soon after velocity is imposed on the ice. As ice zones directly to the south get caught on the 
Minna Bluff constriction, the zones downstream break away and separate. The separation propagates 
toward the left side of the model but slows when the rift tip approaches the left margin. The fixed 
velocity condition on this margin keeps the ice shelf from completely separating into two blocks (Figure 
3.6). This can be related to the natural system because though historical satellite imagery illustrates the 
patterns by which rifts have propagated, there hasn’t been a rift on record that has exceeded the 
position of this shear zone, which is influenced in large part by the high velocity flow of Byrd Glacier. As 
rifting occurs, the downstream rift edge becomes detached from the bluff interface and loses all friction 
and dragging influence from the margin. Because of this, ice north and south of the rift has different 
kinematic signals. Ice to the south of the rift retains a northwestern trending flow, while ice to the north 
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is now rotating in a clockwise pattern as a result of rifting, as is observed in the observational kinematic 
dataset (Figure 2.7).  
 XX strain increment here maintains the general pattern of the above model with no rift 
propagation: extension at Minna Bluff’s tip, and compression immediately to the south (Figure 4.9a). 
However, the strain increment here is about an order of magnitude smaller than the previous models, 
which is expected because strain buildup is released when zone separation (comparable to rifting) 
occurs. The failure state results show a variety of failure indicators to the south of Minna Bluff, but no 
failure to the north where zones are involved in a different kinematic pattern (Figure 4.9b). A present 
state of tensional failure only exists in the zone directly to the south of the rift tip, which is still actively 
opening. 
 
Figure 4.9. Contour plots of results of lateral drag model with one discrete rift. Same initial model geometry 
shown in Figure 3.4 with one east-west oriented rift emplaced by an interface. (a) XX strain increment results 
after a model run of 1 year. Positive (red) values show extensional strain, while negative (blue) values show 
compressional strain and (b) failure state showing zones presently or previously in tensional and shear 
failure. 
50 
 
 In a second variation of the rifting model, an additional interface is emplaced near the left 
margin of the model domain which is perpendicular to the first. This interface represents flow-parallel 
weak zones which are visible through satellite imagery and radar adjacent to Minna Bluff and 
intersecting rift tips (Figure 4.10). The new north-south oriented interface acts as a boundary which 
halts rift propagation and allows for a distinct kinematic signal to the east, where the fast velocity 
boundary condition keeps the ice moving along. There is also slight rift propagation along this flow-
parallel interface, which can be compared to the natural system because near the rift tips of older rifts, 
north-south oriented rift “wings” are visible. Although these “wings” can be seen to point southward in 
satellite imagery, while this model shows them propagating northward, the current configuration of my 
model doesn’t have an interface eligible for separation further to the south along which propagation 
might occur. I predict that the process in my model is representative of the deformation seen at Minna 
Bluff. 
 The same xx-strain increment pattern persists here as in the previous model (Figure 4.9a), 
though the extension at Minna Bluff’s tip persists into the zones directly north of the rift even after 
separation. This is also shown in the failure state result, which has zones in past and present states of 
shear failure on the northern side of the rift, where in the previous model these zones showed no 
failure. I interpret that to show that in this case, resistance to rifting is greater, which is evident also by 
the smaller overall displacement in rift separation. There is also a distinct xx-strain increment signal in 
the ice block between the flow-parallel rift and the model’s left margin. In a pattern similar to the simple 
rift model, present tensional failure is at play in the zones directly to the south of the rift tip, which is 
actively separating. 
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Figure 4.10. Contour plots of results of lateral drag model with two discrete rifts. One east-west and one 
north-south oriented rift emplaced by interfaces. (a) XX strain increment results after a model run of 1 year. 
Positive (red) values show extensional strain, while negative (blue) values show compressional strain and (b) 
failure state showing zones presently or previously in tensional and shear failure. 
Drag with coherent weak zones 
 Next, I imposed weak zones by decreasing the plastic material properties, tensile strength and 
cohesion, in three vertical zones perpendicular to flow (Figure 4.11a). The same velocities are initialized 
throughout the model domain from the previous models (Figure 4.7). In contrast from the model runs 
with discrete rifting (Figure 4.8 & 4.9), the weak zones here are still adhered to zones on either side. This 
allows us to see some amount of large strain and ductile deformation of the zones with ice flow.  
Because of deformation along boundaries of the discrete changes in material properties, this 
model fails due to zone deformation that is too extreme for the program. Even with a model time of 
only 6 months, there is strain localization along the imposed weak zones (Figure 4.11b). The greatest 
strain localization occurs in the southernmost weak zone (topmost zone in Figure 4.11b), and there is 
little to no localization in the weak zone which was already past the tip of the Minna Bluff constriction 
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when it was initialized. High strain still trends southeast from the constriction but is redirected eastward 
along the weak zone. This confirms that lateral drag against this bedrock constriction would produce 
localized strain if weak zones existed like those outlined in my initial hypothesis. Though weak zones are 
not necessary for strain in the xx direction to occur, they provide a means for strain localization in the 
east-west direction, which is the same orientation as the primary rift propagation direction at Minna 
Bluff in satellite imagery. As in the previous models, there is still a characteristic contraction signal 
directly to the south of Minna Bluff as ice flows directly into the rock. Note that the grid, which started 
out rectilinear, exhibits ductile deformation in these results. 
 
Figure 4.11. Contour plots of results of lateral drag model with coherent weak zones. (a) Plastic material 
properties showing grid deformation after model run. (b) XX strain increment results. Positive (red) values 
show extensional strain, while negative (blue) values show compressional strain. 
 Overall, the results show a zone of tensile stress alongside the tip of Minna Bluff, which is 
consistent with the location of rift opening in the natural system. This tensile zone is larger in the model 
with weak zones present, as shown in Figure 4.12, than it is without the weak zones or with vertical rifts 
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emplaced. The strongest compressive stress is shown to the south of Minna Bluff, where ice flows into 
the exposed bedrock, piles up, and thickens. Alongside the east boundary of the domain (left side in 
Figure 4.12) there is a left-lateral shear zone, which is also visible in the strain tensor symbols. From east 
to west (left to right in Figure 4.12), strain tensors shift from nearly equivalent principal and secondary 
strain directions, indicative of simple shear, to a preferential principle strain direction matching ice flow 
along Minna Bluff. This is consistent with the strain conditions in the natural system because of the 
shear zone which is created largely by influence from inflowing Byrd Glacier compared to the slow 
flowing ice against the bluff.  
 
Figure 4.12. Overview of results from lateral drag models using the coherent weak zone model. Contour map 
is XX stress, where negative is compressive and positive is tensile. Tensile zone is marked with a white hashed 
area. Strain tensor symbols are shown across the domain, where their size is scaled to strain magnitude and 
the elongate axis represents the direction of maximum strain. On the left side of the domain, there is a lateral 
shear zone indicated at the boundary of the fast-flowing ice boundary condition. 
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I think this model interrogation captured the generally physics and deformation patterns well, 
but there are limitations when comparing it to the natural system. The model geometry of the bluff has 
a steep cliff face where it comes into contact with ice. While the very tip of Minna Bluff and the drag 
surface to the north are actually very cliff-like, the compressional region to the south has a gentler 
slope, with a grounding zone that extends up to 15 km beyond the exposed bedrock. In my model, there 
is empty space between the ice shelf and Minna Bluff to the north of the bluff tip where there is 
mélange in the natural system. Mélange has softer rheological properties than the meteoric ice 
surrounding it and can deform more viscously and even act as a cohesive medium inside rifts and other 
fractures. Future work would benefit from including this material to evaluate the effect it has on rift 
propagation and evolution. 
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CHAPTER 5 
DISCUSSION AND IMPLICATIONS 
Though results are spatially heterogeneous, my large-scale ice sheet model shows many 
instances of thinning on the Ross Ice Shelf over the next century. Most notably, the model shows 
thinning on the order of 100 m directly next to Minna Bluff where rifting occurs. Thinning on any scale 
inherently decreases the vertically integrated strength of the ice shelf at that location, which makes it 
more susceptible to rifting and subsequent rift propagation by expansional strain. Along with thinning, 
the model results predict a reduction in the velocity gradient to the east of Minna Bluff which produces 
a shear margin that has always been observed to halt rift propagation. With a less intense shear margin, 
rifts would more easily propagate and could produce an ice shelf calving event. A calving event 
stemming from rifts at Minna Bluff would decrease the resistive stress the Ross Ice Shelf imposes on the 
inland West Antarctic Ice Sheet, and thus lead to global sea level rise as the land-based glaciers flow 
more readily into the sea. Additionally, this potential calving event would reduce the RIS’ lateral margin 
support at Minna Bluff and to the north, where the McMurdo Ice Shelf currently is attached. The lateral 
margin provides most of the support for the flow of an ice shelf, and its reduction could result in 
additional speed up and thinning of the Ross Ice Shelf. Though the large-scale model offers important 
insight into stability of the RIS, the smaller-scaled models reveal key deformation mechanisms which 
could have an effect on the overall material structure. 
 The smaller scaled models confirm that the processes described in my original hypothesis are 
able to create and further develop vertical weak zones in the ice shelf. High strain zones developed 
during modeling of flexure are enhanced by subsequent stretching, and zones in failure expand in the 
direction of flow as well as in the vertical direction. Stretching in this model only produces a thinning of 
up to 10 m, but by following flow lines on the Ross Ice Shelf, it is clear that between the area of Mullock 
and Skelton Ice Streams and Minna Bluff, ice has thinned by about 450 m. I think some of this thinning 
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on the Ross Ice Shelf could be due to melting on the surface or at the base, but most of it can be 
accounted for by longitudinal stretching. In order to perform further modeling investigations of this 
magnitude, the model would need a longer run time with re-gridding capabilities. Based on my 
modeling, I predict that the high strain zone associated with the initial basal instability after significant 
stretching and increased necking would result in a weak zone wider than the ice thickness, as modeled 
by Bassis and Ma, 2015. My next model addresses the influence of vertical weak zones at the Minna 
Bluff margin where lateral drag induces rifting. 
 Comparison of lateral drag models with and without vertical weak zones at the bedrock 
constriction reveals that the presence of weak zones does indeed cause localization of strain in the 
direction in which there is rifting in the natural system. Though there is still a high strain zone without 
weak zones present, these results confirm that strain preferentially develops within preexisting zones of 
weakness, which aligns with my hypothesis.  
 There are some unanswered questions surrounding the stated hypothesis which should be 
further investigated. I hypothesize that weak zones may be created by local processes at each individual 
grounding zone, mandating that each glacier flowing onto the ice shelf would have its own pattern. Full 
thickness rifts like those at Minna Bluff propagate across ice from different glacial sources, so the 
question remains whether the weak zones could link together between sources. Alternatively, a rift 
which starts opening at a zone of weakness would present a large enough instability that it would 
propagate through adjacent ice with distinct material strength distribution. Another critical part of my 
hypothesis is the idea that rift periodicity is defined by regularity at the grounding zone. Although I 
predict that my models represent a deformation process which would occur at semi-regular spatial and 
temporal periodicity, I do not have a model which shows this in action. Future models should allow for 
easier slip along the bedrock interface with additional regridding capabilities to stabilize the model grid. 
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 Numerical modeling has been used previously to evaluate ice shelf and ice sheet stability based 
on calving dictated by surface crevassing (Emetc et al., 2018). Calving at ice shelf margins is often 
discussed as being dictated by these fractures propagating from the surface, though there has been 
discussion of buoyancy and basal crevasses as a driver for calving in marine terminating glaciers (James 
et al., 2014). In accordance with my hypothesis, I would argue that to provide an overall ice sheet 
stability analysis, both surface and basal crevasses need to be considered on ice shelves and that in 
many cases, surface crevasses, rifts, and troughs may correspond with locations of pre-existing basal 
instabilities My hypothesis dictates that the periodicity of rifting and subsequent calving at the ice front 
is dictated by deformation processes at the grounding line which prescribe zones of material weakness 
throughout the ice shelf. The periodicity is defined by the length of ice which is in hydrostatic 
disequilibrium at the grounding zone, which is a specific value at each inflowing ice stream. In all ice 
shelf settings, rather than just the Ross Ice Shelf, the processes outlined in this thesis would prescribe 
the calving pattern at the ice-ocean margin. Further studies should work to characterize periodicity on 
each distinct ice shelf to provide a tool to predict calving more effectively. 
  
58 
 
CHAPTER 6 
SUMMARY 
 On the northwestern lateral margin of the Ross Ice Shelf (RIS), contributing ice streams converge 
and flow past Minna Bluff, a protruding bedrock feature along which the ice shelf is dragged at the 
margin. This lateral drag causes extensional strain which results in rifting at quasi-regular temporal and 
spatial periodicity. Rift propagation along the lateral margin of RIS could lead to large-scale ice shelf 
calving and lead to changes in West Antarctic Ice Sheet mass balance. Numerical modeling replicates 
and offers insight into the patterns of extension and flow divergence observed in kinematic datasets at 
Minna Bluff. Further modeling explores the hypothesis that occurrence and spacing of rifts at Minna 
Bluff are pre-conditioned by deformation processes at ice stream grounding zones. I hypothesize that at 
the grounding zone, upward buoyancy forces and stretching initiate a zone of flexure and viscous 
necking that lead to formation of basal crevasses with rough periodicity.  
A numerical model of ice shelf flexure at the grounding zone confirms that a basal instability is 
likely to occur because of localized strain rate at the “hinge zone.” Further longitudinal stretching of this 
region serves to expand and enhance this high strain zone at the ice base. These deformation zones will 
be created at a quasi-regular periodicity as a function of the length of ice which is maintained below 
hydrostatic equilibrium at the grounding zone. My hypothesis also states that basal instabilities such as 
basal crevasses oriented transverse to flow represent vertical zones of weakness which will be advected 
across the ice shelf toward the ice-ocean margin and will evolve in shape due to viscous necking. A 
numerical model exploring necking shows that with longitudinal stretching, an ice block will thin at a 
faster rate at the site of a basal crevasse because of the decreased vertically integrated stress at that 
point. Further rheological testing should be done on these models to determine the sensitivity of the 
deformation processes to variable material properties and constitutive models. Modeling of lateral drag 
at the Minna Bluff constriction does show high strain through the entire ice thickness and produces 
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localized strain when a vertical zone of weakness is emplaced, lending credence to the hypothesis that 
these weak zones govern the rift opening at Minna Bluff. More investigation, in the form of observations 
and numerical modeling, is needed to determine whether the spatial and temporal periodicity of rifts is 
dependent on weak zones within the ice shelf. Though I have investigated this hypothesis of ice shelf 
material structure as it applies to the western margin of the RIS, I find that it is a consequence of the 
basic physics of any ice shelf system which has inflowing land ice that is subsequently stretched by ice 
flow, whether involving a bedrock constriction or not. On many Antarctic ice shelves, full thickness rifts 
with an apparent periodicity are present near the ice-ocean margin and will define the calving behavior. 
A further understanding of weak zones which are derived from grounding zone processes on each ice 
shelf could lead to an individualized understanding of calving for each location. 
Overall, large-scale modeling shows that the ice sheet is projected to gain ice volume over the 
next 100 years with the imposed forcings on the model. Parameters such as grounded ice melt rate, 
isostatic uplift, and dynamic melting and calving rates, and surface mass balance should be considered 
to evaluate whether this signal is reliable. Results also show significant widespread ice shelf thinning and 
reduction of the high velocity gradient alongside Minna Bluff, which is a control on rifting. These 
potential changes point to a greater chance of rifting and longer rift propagation. Coupled with the 
deformation processes shown by the modeling in this study, the increased ease of rifting would 
adversely affect RIS stability and that of the entire West Antarctic Ice Sheet. Further modeling should 
incorporate weak zones as an inherent part of the ice shelf’s material structure to better project future 
stability.   
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